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Direct cross-section measurement of the weak r-process 88Sr(α, n) 91Zr reaction in ν-driven winds
of core-collapse supernovae
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About half of the heavy elements beyond iron are known to be produced by the rapid neutron capture process,
known as the r process. However, the astrophysical site producing the r process is still uncertain. Chemical
abundances observed in several cosmic sites indicate that different mechanisms should be at play. For instance,
the abundances around silver measured in a subset of metal-poor stars indicate the presence of a weak r process.
This process may be active in neutrino-driven winds of core collapse supernovae where (α, n) reactions dominate
the synthesis of Z ≈ 40 elements in the expelled materials. Scarcely measured, the rates of (α, n) reactions
are determined from statistical Hauser-Feshbach calculations with α-optical-model potentials, which are still
poorly constrained. The uncertainties of the (α, n) reaction rates therefore make a significant contribution to
the uncertainties of the abundances determined from stellar modeling. In this work, the 88Sr(α, n) 91Zr reaction
which impacts the weak r-process abundances has been probed at astrophysics energy for the first time; directly
measuring the total cross sections at astrophysical energies of 8.37–13.09 MeV in the center of mass (3.8–7.5
GK). Two measurements were performed at ATLAS with the electrically segmented ionization chamber MUSIC,
in inverse kinematics, while following the active target technique. The cross sections of this α-induced reaction
on 88Sr, located at the shell closure N = 50, have been found to be lower than expected, by a factor of 3, despite
recent statistical calculations validated by measurements on neighboring nuclei. This result encourages more
experimental investigations of (α, n) reactions, at N = 50 and towards the neutron-rich side, to further test the
predictive power and reliability of such calculations.

DOI: 10.1103/PhysRevC.109.065805

I. INTRODUCTION

Above helium, nuclei are produced in various stellar en-
vironments where the ongoing nucleosynthesis sheds light
on the stellar conditions. Around iron, nuclear fusion ceases
to contribute and a handful of other nuclear processes drive
the production toward heavier masses. With respect to solar-
system abundances, these elements are mainly produced in
the slow and rapid neutron capture processes known as the
s process and r process [1,2]. Other mechanisms contribute
to a smaller extend, mainly the intermediate neutron capture
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process (the i process) [3], the photodisintegration process
(p process) [4], and the neutrino-proton process (νp process)
[5]. The exact sites where the r process is active have not
been fully determined yet, despite recent observational evi-
dence in the kilonova following a binary neutron star merger
(NSM) suggesting that these events are the dominant source of
r-process elements [6–8]. Additional sites are still being con-
sidered since some enhanced elemental abundances remain
unexplained, for example lighter heavy elements (Z = 38–47)
around the first r-process peak [9] and actinides (Z = 90–92)
observed in actinide-boost stars [10,11]. Hence, more sites,
such as magnetorotationally driven supernovae [12–14], Col-
lapsars [15], and neutrino (ν) driven winds in core-collapse
supernovae (CCSNe) [16,17], are being considered. The abun-
dances patterns observed in a subset of metal-poor stars (see
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Table 2 of Ref. [18]) indicate the presence of a weak r process
[19–21] producing lighter heavy elements up to silver. This is
also referred as the alpha-process [22].

The weak r-process is expected to occur in ν-driven winds
of CCSNe and/or NSMs [16,17]. In these extreme winds,
as matter expands and cools down, the (α, n) reactions are
predicted to drive the synthesis of elements around Z ≈ 40
at temperatures of 2–5 GK [23] since they are the fastest
reactions to fall out of equilibrium. Note that these tem-
peratures correspond to Gamow energies of 5–10 MeV, in
center of mass, for α captures on Z ≈ 40 nuclei. At lower
temperatures the (p, n) reaction rate becomes faster. Recent
sensitivity studies [18,24,25] have shown that model uncer-
tainties are presently too vital to gain insights into the stellar
wind conditions, like the expansion timescale or the electron
fraction, while comparing model predictions to observed Sr-
to-Pd abundances in metal-poor stars. The dominant sources
of uncertainties from the nuclear physics side are the rates
of (α, n) reactions. These reactions are poorly measured, and
rates are calculated with the statistical Hauser-Feshbach (HF)
model which can lead to uncertainties of several orders of
magnitude [18,24,25].

The use of the HF statistical model for α-induced reac-
tions is justified on these intermediate-to-heavy mass nuclei
near the neutron closed shell N = 50 given the high stellar
temperatures involved (T > 1 GK), as shown in Fig. 8 of
Ref. [26]. The HF statistical model is based on the assumption
that the reaction is a two-independent-step process, i.e., the
formation of the compound nucleus and its later decay by
emission of γ rays and particles. The former is character-
ized by the transmission coefficient of the α in the target
nucleus (Tα,0), and the latter for the (α, n) case by the ra-
tio of the transmission coefficient for the neutron channel
(Tn) over the sum of the coefficients for all opened channels
(
∑

Ti) in the compound nucleus. Hence, the cross section can
be simply expressed as σ (α, n) ≈ Tα,0

Tn∑
Ti

. At astrophysical
and higher energies, well above the neutron emission thresh-
old, Tn dominates, and so σ (α, n) ≈ Tα,0 depends solely on
the α optical-model potential (α-OMP). More details can be
found in Ref. [27]. Nevertheless, the choice of the available
α-OMPs varies the obtained (α, n) rate within a factor of
10–100. Therefore, the measurement of these α-induced re-
actions relevant for the weak r process is also informative
for nuclear reaction theory. Probing the evolution of (α, n)
cross sections along isotopic chains with both even-even
and even-odd nuclei probed, including the N = 50 shell clo-
sure, would allow us to constrain nuclear properties related
to α-OMPs close to stability as well as away towards the
neutron-rich side.

Experimentally constraining work on relevant weak r-
process reactions has already commenced, e.g., the mea-
surements of the 100Mo(α, xn) reaction [28,29] and the
96Zr(α, 1n) reaction [30]. Nonetheless, many reactions remain
to be measured [18,24,25], primarily due to the necessity for
neutron-rich beams. The present radioactive beam facilities
are now enabling experimental programs for weak r-process
research at astrophysical energies (≈ 1–3 MeV/u), thanks to
the high intensities available for neutron-rich nuclei involved
in this process.

Among important weak r-process (α, xn) reactions, the
88Sr(α, xn) 91Zr reaction has not been measured to date. Un-
certainties on its rate impact the Z = 41, 42, 44 abundances
by factors of 2–3, 5–8, and 8, respectively, in a handful of
CCSNe ν-driven wind conditions, according to Refs. [18,25].
This work presents the first measurement of 88Sr(α, xn) 91Zr
cross sections performed down to astrophysical energy of
8.4 MeV in the center of mass (T ≈ 3.8 GK). The measured
excitation function was compared with calculations using sta-
tistical HF models and the thermonuclear reaction rate in
CCSNe ν-driven winds was determined.

II. EXPERIMENT IMPLEMENTATION

A. Setup

The measurement of the inclusive 88Sr(α, xn) 91Zr reaction
cross section was carried out in inverse kinematics using the
active target technique with the electrically segmented MUlti
Sampling Ionization Chamber (MUSIC) [31]. This technique
presents many advantages for directly measuring such (α, xn)
cross sections. With an increased target thickness and a detec-
tion efficiency of ≈ 100%, the excitation function is probed at
different center-of-mass energies while the incident monoen-
ergetic beam is slowing down in the gaseous volume. The
center-of-mass energies reached and associated resolutions
are governed by the beam energy, the gas pressure, and the
detector segmentation; the first two also determine the small-
est measurable cross section. Additionally, such detectors are
self-normalized since the incident beam is also measured.
Finally, energy losses of nuclei in matter, varying with Z2,
allow for a clear identification of occurring (α, xn) reactions
(Z + 2 change) in the MUSIC detector. The study of (α, xn)
reactions with MUSIC has already been proved feasible and
successful [28,32,33].

The 88Sr(α, xn) reaction was assessed in two separate ex-
periments conducted under similar experimental conditions
to ensure and validate consistency in the results. The 88Sr
stable beam delivered by the Argonne Tandem Linac Ac-
celerator System (ATLAS) was selected for the charge state
16+, an energy of 4.56(3) MeV/u, and an average intensity of
3 × 104 pps. The beam rate was kept at this low rate to ensure
the stability of the data acquisition system. Similarly, the
88Sr beam of the second measurement was 4.55(1) MeV/u at
3 × 104 pps. The MUSIC detector, described in Ref. [31], was
filled with pure 4He gas at 501 Torr (506 Torr for the second
measurement). Two Ti foils of 1.30(5) mg/cm2 thickness lo-
cated at the entrance and exit sides of the detector were used to
hold the gas. The beam energy loss after passing through the
entrance foil was measured to be 45.1(4) MeV. The anode of
MUSIC is segmented into 18 strips of equal width (1.578 cm)
along the beam axis; the 16 inner strips are alternatively di-
vided into a short and long section perpendicular to the beam
direction (see Fig. 1 of Ref. [31]). The beam composition for
the first experiment is illustrated in Fig. 1 which shows the
normalized energy losses in the first two strips of the detector.
The centroids of the 88Sr beam energy loss distribution for all
of the strips of the detector are normalized to the energy loss
of the beam in strip 0, which is estimated to be 12 MeV. A
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FIG. 1. Beam identification in MUSIC. Normalized energy
losses in the first (�E0) and second (�E1) strips point out the 88Sr
beam spot, a Ru contaminant and pile-up events.

99Ru18+
contaminant with an intensity of about a factor of 10

lower than the 88Sr16+
beam was identified based on magnetic

rigidity and its energy loss profile. The ≈10% pile-up was
expected for such a gaseous detector operated with rates of
tens of kHz. The 99Ru contaminant was not present in the
second experiment.

A new digital data acquisition system, consisting of three
1725S CAEN digitizers, was used for these two experiments,
which allowed us to take data at higher rates (by a factor
of ≈8) in comparison with the previous analog electronics.
To ensure that the new digital system was working prop-
erly, the 88Sr(α, xn) 91Zr cross sections were also measured
with the analog electronic system for a short period of time
and at lower rates during the first experiment. The measured
88Sr(α, xn) 91Zr cross sections were observed to be in ex-
cellent agreement between the new digital data acquisition
system and the one with analog electronics. Both data acqui-
sition systems were triggered by the Frisch grid signal, which
was ≈10 µs faster than the signals from the anode strips. The
Frisch grid is located in front of the anode pad [31].

B. Energy loss measurement

Measurement of the 88Sr beam energy losses in the win-
dows (Ti) and gas (4He) is essential considering the large
discrepancies (>10%) observed at low energies when cal-
culated using different stopping power tables from standard
libraries [34,35]. This measurement was performed with a
depleted silicon surface-barrier detector which was mounted
downstream of MUSIC. Due to the known pulse-height de-
fects for heavy ions in silicon surface-barrier detectors [36],
the energy response function of the detector was obtained
in-beam, i.e., by measuring several energies of 88Sr that are
between the lowest (exit) and highest (incident) energy values
expected during the (α, n) measurement. These beam energy

TABLE I. Cross sections (σ(α,xn)) of the 88Sr(α, n) 91Zr reaction,
measured here, are reported along the effective center-of-mass en-
ergies (Ec.m.,eff ). The latter were determined from the measurement
of 88Sr energy losses in MUSIC. The energy range, covered in an
individual strip, is mentioned. The (α, 2n) channel is only open
for the two highest energies. Statistical and systematic uncertainties
of σ(α,xn) are given. At high energy (Ec.m.,eff > 11 MeV), results
are given for the two independent measurements. At low energy
(Ec.m.,eff � 11 MeV), the given results were obtained in the first
measurement.

Ec.m.,eff
a Rangeb σ(α,xn) (mb) Uncertainties (%)

(MeV) statistical systematic

12.89+0.45
−0.69 [13.11, 12.57] 158(28)c 2.2 18.2

13.09(11) [13.29, 12.78] 147+107
−45

d 7.1 72
12.32+0.46

−0.75 [12.57, 12.01] 123(20)c 2.4 16.4
12.55(11) [12.78, 12.27] 116+66

−30
d 8.8 56

11.75+0.58
−0.78 [12.01, 11.45] 69(10)c 3.2 14.9

12.00(10) [12.27, 11.76] 76+62
−24

d 12 82
11.20+0.53

−0.90 [11.45, 10.89] 42.8(58)c 4.1 14.7
11.45(10) [11.76, 11.24] 40+31

−12
d 17 76

10.65+0.60
−1.1 [10.89, 10.32] 31.7(50) 4.8 15.3

10.10+0.65
−1.2 [10.32, 9.75] 10.2(18) 8.9 16.1

9.50+0.70
−1.3 [9.75, 9.18] 3.33(75) 15.8 16.2

8.95+0.75
−1.4 [9.18, 8.60] 1.67(60) 22.4 28.3

8.37 +0.81
−1.5 [8.60, 8.02] 0.80(52) 31.6 55.6

aAt effective strip thickness corrected from the thick-target yield.
bFrom entrance to strip exit.
cFirst measurement.
dSecond measurement.

values used for the calibration of the Si detector are 50,
100, 200, 300, and 400 MeV. Energy corrections were im-
plemented to take into account the dead layer at the entrance
of the detector, i.e., a thin aluminium window which has an
equivalent Si thickness of 8 × 10−2 µm. Indeed, energy losses
of such a heavy ion in the dead layer are not negligible: they
are 0.6–0.9 MeV within the range of interest. Energies were
then measured after the beam traveling through (i) the Ti foils
without any gas in the MUSIC chamber and (ii) the Ti foils
and the 4He gas at seven different pressures. The measured
energy loss of 88Sr in the Ti foils was found to be in perfect
agreement with the predicted value while using the stopping
power table of ATIMA 1.2 [34]. For the different gas pressures,
the measured values were properly reproduced by considering
mean values of the stopping powers from the ATIMA table
using LISE++ [37] and the Ziegler tables using SRIM [35].
An overall (mean) absolute variation of 0.62% was observed
between measurements and Monte Carlo calculations which
were performed to estimate the expected energy losses. Note
that these calculations included the energy straggling of the
beam in the foils and in the gas. The beam energy loss per
individual strip of MUSIC was therefore measured to be
11–13 MeV.

C. Events identification

At the probed center-of-mass energies (see Table I),
Rutherford scattering is the dominant mechanism with cross
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sections higher than 1 barn according to estimations with the
LISE++. Rutherford scattering and elastic/inelastic scattering
cannot be distinguished from one another and all of them
combined are referred as scattering or (α, α′) in this work.
The (α, 1n) channel with Qvalue = −5.67 MeV and (α, 2n)
with Qvalue = −12.87 MeV are energetically allowed as well
as the (α, p) and (α, γ ) channels with Qvalue = −6.43 MeV
and +2.96MeV, respectively. Monte Carlo simulations of the
experiment indicated that (α, p) and (α, γ ) events would be
poorly distinguished from the sought (α, xn) events. However,
the calculated cross sections for (α, xn) with the TALYS code
[38,39] are expected to be higher than the (α, p) and (α, γ )
channels by several orders of magnitude, i.e., a factor of
� 104, thereby negligible compared to the statistical uncer-
tainty (� 2%) of the measurement. The (α, 2n) channel is
open at the highest energy presently investigated, i.e., up to
strip 2. From Monte Carlo simulations, the energy losses of
the associated 90Zr recoil in MUSIC strips were found to be
≈ 50 keV different from those of 91Zr recoil. This is below
the energy resolution of MUSIC strips, i.e., at best 850 keV
(FWHM) for the current experimental conditions. The (α, 2n)
contribution with respect to (α, 1n) is predicted to be less than
5% based on the HF statistical model, as will be shown later.
Henceforth, we will refer to the 88Sr(α, xn)92−xnZr reactions
as simply 88Sr(α, n) 91Zr.

The search for (α, n) events which occur in an individual
strip relies on measured energy loss �E (i) integrated in the
”��E -�total�E” method, and/or (ii) local in the “energy
trajectories” method. Both approaches allowed for the sep-
aration of (α, n) events from the beam and other α-induced
reactions. The 88Sr beam was prior selected at the entrance
(see Fig. 1), and so separated from the contaminant for the
first experiment. A condition of a sharp variation (positive) in
�E was imposed at the considered strip in order to get rid of
beamlike events and of a fraction of scattering events. In the
first method, the parameter ��E was calculated as the sum of
normalized �E measured in the strips between the reaction
position and strip 10, the latter being selected since it lies
just before the Bragg peak of the 91Zr recoils. The parameter
�total�E represents the total energy deposited (or energy loss)
over all segmented strips.

Results in Fig. 2 are shown for the event identification
in strip 3 of the first experiment: the two energy regions,
(α, n) and scattering (lower ones), do not appear fully sepa-
rated. Therefore, the additional “energy trajectories” method
was implemented. This has been employed for unambigu-
ously identifying (α, xn) events among scattering reactions
[28,32,33]. Figure 3 shows a set of trajectories, with normal-
ized �E , that includes the unreacted beam (black curves),
the Ru contaminant (blue curves), the scattering reactions at
low angles (dotted red curves) and (α, n) of interest (full red
curves) for the first experiment (upper panel) and the second
one (lower panel). Note that scattering reactions at high angles
resulted in a higher variation of �E (see also Ref. [28]).

Comparison of the energy losses of the 91Zr recoil show
variations between the two measurements (see Fig. 3). In-
deed, their trajectories intersected with the beam trajectories
around strips 12–14 for the first experiment while the intersec-
tion in the second measurement is around strips 15–16. It is
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FIG. 2. Sums of normalized energy losses (
∑16

1 �E ,
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4 �E )
are shown for events, selected on the entrance beam, that present a
sharp increase of �E in strip 3. The isolated region (red circle) at
higher

∑10
4 �E ≈ 80 corresponds to (α, n) events; scattering events

are noted below.

observed that calculations of the expected energy losses of
88Sr and 91Zr in a pure 4He gas at 500 Torr agree with the
second measurement (Fig. 3, lower panel). Therefore, it is
inferred that an “issue” originated during the first experiment.
These observed differences may originate from either a lower
beam energy at the MUSIC entrance or higher energy loss in
the target medium. The beam energy was accurately measured
by two independent methods by the ATLAS facility, as will be
discussed later. Additionally, the same Ti foils at the entrance
of MUSIC were used for the two experiments, making a lower
beam energy unlikely. Regarding the higher energy loss in the
target medium, this can be caused by a difference in pressure
or different composition of the gas. Monte Carlo simulations
showed that energy losses of 88Sr, 91Zr, and 99Ru in 4He
gas at 600 Torr agree more with the observed trajectories
of the first experiment (Fig. 3, upper panel). However, the
gas pressure, equivalent to the target density, was monitored
every hour throughout each experiment. Since the gas used
in both experiments was 4He of ultrahigh purity, a difference
in composition can only be explained by a small leakage in
the tube from the gas handling system to the MUSIC detector,
which would have been unnoticed. Using stopping powers of
4He gas contaminated by a small (3(1)%) amount of air was
found to well reproduce the observed energy losses in the first
experiment. Therefore, a gas composition of 4He and air at
97:3 was considered in the first experiment.

In the second measurement, the energy resolution was
poorer than the first time, primarily due to noise in the
electronics of the detector (e.g., FWHM = 16% against 9%
in strip 2), with a significant noise level observed for the
energy loss in the strips (see Fig. 3, lower panel). This re-
sults in higher systematic uncertainties in the measured cross
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FIG. 3. Energy loss �E is shown as a function of the strip
number in MUSIC for the individual trajectories associated with the
unreacted beam (black curves) and the (α, n) (full red curves), and
(α, α′) (dotted red curves) reactions occurring in strip 3 for the first
experiment (upper panel) and the second experiment (lower panel).
The measured 88Sr(α, n) 91Zr events exhibit a persistent increase in
�E from strip 3: the trajectories of the 91Zr recoil (Z = 40) are
observed to be higher than the 88Sr beam (Z = 38). On the contrary,
scattering reactions display a similar increase in �E but their tra-
jectories then rejoin the beam. In the first experiment, trajectories
associated with the Ru contaminant (Z = 44) are also shown (blue
curve). The 91Zr trajectories were observed to be lower than this
higher Z contaminant, strengthening the events identification. Dif-
ferences in the beam Bragg’s peak position and in the energy loss
of the 91Zr recoil are observed between the two measurements; see
details in text.

sections and prevents the extraction of events of interest for
strips higher than 5. Moreover, this experiment had a shorter
duration, resulting in higher statistical uncertainties.

III. EXPERIMENT RESULTS

A. Measured cross sections

The angle- and energy-integrated cross sections of the
88Sr(α, n) 91Zr reaction measured at center-of-mass energies
of 8.37–13.09 MeV are presented in Table I. The effec-
tive center-of-mass energies Ec.m.,eff , after the thick-target
yield correction [29], were deduced from the measure-
ment of the beam energy losses in the MUSIC detec-
tor. Their reported uncertainties include the uncertainties
of this measurement and of the incident beam energy, cor-
responding to 2–0.7% and 4–2%, respectively. In the first

measurement, the uncertainties both on the air contamination
(3+1

−3%) and on the gas pressure (501+100
−1 Torr) were also taken

into account. These contributions dominate the uncertainties
on Ec.m.,eff . The given energy range corresponds to the width
of the detector strip. Statistical and systematic contributions
to the cross-section uncertainties are listed in the last two
columns. In the first measurement, the systematic contribution
is overall dominated by the uncertainty on the gas composition
and pressure. The total uncertainty is taken as the quadratic
sum of the two [40]. At low energies, systematic uncertainties
increase since the separation between the (α, n) and (α, α′)
channels is more challenging (similarly to Ref. [28]). Due
to low statistics and the high systematic uncertainty caused
by detector noise observed during the second experiment (as
previously mentioned), cross sections at energies lower than
11 MeV are only extracted for the first experiment. At high
energies (Ec.m.,eff > 11 MeV), total cross sections were ob-
tained in the two independent measurements (see Table I). The
results are in good agreement, i.e., within 6–9%.

B. Discussion

Measurements of the 88Sr(α, xn) cross sections are com-
pared to the predictions of the HF statistical model in Fig. 4
(upper panel).

Calculations were performed with the TALYS code [38,39]
and the α-OMP of either ATOMKI-V2 [27] (black curve) or
Avrigeanu et al. [41,42] (green curve). Calculations of both
(α, 1n) and (α, 2n) channels (with ATOMKI-V2 α-OMP) are
also shown. The latter is open at the two highest measured
energies, but its contribution to the total (α, xn) appears to
be � 5% at the investigated energies. Experimental values,
shown with the red points, are significantly lower than the
calculated ones with both α-OMPs. Other α-OMPs avail-
able in TALYS were found to be even more at odds with the
measurements.

The ATOMKI-V2 α-OMP was shown to be robust and
reliable with regard to measured (α, xn) cross sections on
neighboring nuclei: 86Sr [43], 96Zr [30], 92,94Mo [44] and
100Mo [28,29]. There, the deviations between experimental
and calculated values are factors of 0.80, 0.66, (0.51, 0.67),
and 1.2, respectively. Shown with the dotted red curve in
Fig. 4, scaling the calculations to measurement leads to a
factor of 0.32(9). Furthermore, scaled 88Sr(α, n) theoretical
cross sections deviate from experimental data within ±50%
and no systematic trend is noticed along Ec.m.,eff ; see Fig. 4
(lower panel). The observed discrepancy between the statisti-
cal model and present measurements is therefore independent
of energy. This indicates that the energy dependence of the
experimental data is well reproduced by the calculation.

Cross-section measurements of α-induced reactions are di-
rect, efficient, and accurate with the active target MUSIC; see
[28,32,33,45]. The beam energy losses in gas and windows
were measured. The incident beam energy was measured by
two independent ways: (i) the averaged time-of-flight between
three resonator pairs located upstream of MUSIC, and (ii)
the settings (and associated magnetic rigidity) of the Bruker
magnet located after the ATLAS ion source. The resulting val-
ues agree within 1.5%. Finally, cross sections at high energy
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FIG. 4. Comparison of the measured 88Sr(α, xn) cross sections to
the HF statistical model along effective center-of-mass energies
(Ec.m.,eff ). Upper panel: the (α, xn) cross sections calculated with
the α-OMP of ATOMKI-V2 [27] (black curve) are dominated by
the (α, 1n) channel (dotted grey curve), the (α, 1n) curve over-
lapping with the HF+ATOMKI-V2 line. The (α, 2n) channel (dotted
purple curve) starts to contribute at Ec.m.,eff > 13 MeV. Calculations
scaled to experimental data (dotted red curve) are observed to be
significantly lower [×0.32(9)] than theoretically predicted. They
allow us to access the cross sections at lower astrophysical energies
(T � 3.8 GK). Calculations with the α-OMP of Avrigeanu et al.
[41,42] (green curve) are also shown, resulting in a similar devi-
ation from measurements. Horizontal error bars of measured cross
sections come from the width of MUSIC strips, and vertical ones are
detailed in Table I. The colored band corresponds to 3σ uncertainty.
Measured 86Sr(α, n) from Oprea et al. [43] are also given (blue
points). Similar HF calculations with the ATOMKI-V2 α-OMP agree
within a factor of 0.8 (dotted blue curve). Lower panel: deviations
of scaled calculations relative to the measure are scattered around
0 ± 50% and are not energy dependent.

were measured independently on three occasions, i.e., two
measurements at high beam intensity (previously described)
and a measurement at lower beam intensity (3 kHz) and with
another data acquisition system during the first experiment.
The results have been found to be consistent.

The cross section of the α capture on 88Sr is fully dom-
inated by the (α, n) channel at energies of interest (Ec.m. =
8–13 MeV), as detailed before. This implies that 88Sr(α, n)
cross sections are sensitive only to the α-OMP. The ATOMKI-
V2 α-OMP is based on a folding procedure which requires
the density distribution of the entrance nucleus 88Sr [27]. The
ATOMKI-V2 α-OMP uses the theoretical densities which are
provided as a part of the TALYS code [46]. However, it is found
that the experimental charge density of 88Sr is not very well
determined because three independent data sets in the compi-
lation of de Vries et al. [47] show significant variations of the
root-mean-square (rms) radius of about 0.1 fm, although the
individual results claim much smaller uncertainties between
0.005 fm and 0.02 fm. Typical variations from different exper-
iments are often of the order of 0.03 fm or even below [47].
The uncertainty of 0.1 fm for the density translates to a similar
uncertainty of the rms radius of the folding potential, which

FIG. 5. Evolution of the reduced cross section (σred) as a function
of the reduced energy (Ered) for α-induced reactions on A ≈ 90–140
nuclei at low energy from Refs. [28,30,43,44,48]. The 88Sr values
from present work are outside the apparent trend which does not
depend on the nucleus.

varies between 4.86 fm and 4.97 fm. The rms radius of the
potential from the theoretical TALYS density almost matches
the highest value from the experimental densities of 4.97 fm.
In general, a wider potential with larger rms radius leads to
a more attractive nuclear potential in the barrier region and
thus reduces the effective barrier height, leading to larger cross
sections. We have investigated the variation of the calculated
cross section which results from the choice of the theoreti-
cal or the different experimental densities. For example, at
11.5 MeV the experimental cross section is about 40
mb. The calculation with the theoretical density leads to
a cross section of 182 mb. The different experimental
densities yield cross sections between 151 and 184 mb.
Consequently, the uncertainty in the density of 88Sr can-
not explain the deviation between the calculated and the
experimental cross sections. A dramatic reduction of the
rms radius of the potential by about 0.6 fm (or about
10–15%) would be required to fit the experimental data,
which is clearly far beyond the uncertainties of the density
of 88Sr.

Furthermore, the cross sections of alpha-induced reactions
on 88Sr are compared to nearby systems [28,30,43,44,48]
with the evolution of the reduced cross section (σred) over the
reduced energy (Ered) in Fig. 5. These parameters, described in
[48,49], allow us to compare total cross sections of charged-
particle reactions independently of the projectile, target, and
energy. Indeed, the reduced energy and cross section include
the Coulomb barrier height and the geometrical size of the
reactants system, respectively. There is a common trend, dis-
cussed in [48], from which α + 88Sr unexpectedly deviates.
Other nuclei located at N = 50, 89Y and 92Mo, follow the
trend. Note that a measurement of the elastic 88Sr(α, α′) re-
action at high (50 MeV) energy [50] results in σred ≈ 53 mb
at Ered = 3.8 MeV: this fits in the observed trend but at a
different (high) energy than current ones.

To date, the 88Sr(α, n) 91Zr reaction is an isolated case,
exhibiting an unexpected behavior in terms of α-induced cross
sections in the A ≈ 100 mass region. This does call for further
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TABLE II. Low, recommended, and high thermonuclear rates of
the 88Sr(α, n) 91Zr reaction, in units of cm3 mol−1 s−1, as a function
of temperature.

T (GK) Low Recommended High

2.0 5.45×10−12 1.04×10−11 2.54 ×10−11

2.5 5.36×10−9 9.95×10−9 2.51×10−8

3.0 7.05×10−7 1.30 ×10−6 3.38 ×10−6

3.5 2.85 ×10−5 5.41×10−5 1.42 ×10−4

4.0 5.34 ×10−4 1.05×10−3 2.80×10−3

4.5 5.87×10−3 1.21×10−2 3.19×10−2

5.0 4.37×10−2 9.36×10−2 2.42×10−1

5.5 2.42 ×10−1 5.34 ×10−1 1.34×100

6.0 1.06×100 2.42×100 5.85 ×100

6.5 3.88 ×100 8.97 ×100 2.09 ×101

7.0 1.20 ×101 2.82 ×101 6.36 ×101

7.5 3.29 ×101 7.73 ×101 1.69 ×102

experimental investigations, particularly on Sr isotopes and
towards the neutron-rich side.

C. Astrophysical thermonuclear rate

The 88Sr(α, n) 91Zr cross sections were measured at
the energies associated with the Gamow temperatures of
3.8–7.5 GK. Calculations of the thermonuclear reaction rate
were performed with the EXP2RATE code by Rauscher [51].
They included the cross sections from present measurements
at high energies and extrapolated values at low energies (see
Fig. 4). Note that uncertainties on cross sections were de-
duced, if not measured, from the HF+ATOMKI-V2 calculations
without scaling (upper contribution) and at 3σ uncertainty on
the scaling factor (lower contribution). The lower and upper
limits of the thermonuclear reaction rate of 88Sr(α, n) 91Zr
were thus obtained. They are reported in Table II as a function
of temperature. The rate was evaluated with the geometric
mean. It was also determined from HF+ATOMKI-V2 calcu-
lations performed with the TALYS code. The resulting rate
was scaled by a factor of 0.32 as obtained for the cross
sections. Within temperatures of 2–8 GK, these two evalu-
ated rates agree within a factor of 0.9–1.5. Combining the
two, the present recommended rate is taken as the average
values being also given in Table II. It is worth mentioning
that the 88Sr(α, n) 91Zr reaction rate becomes lower than the
88Sr(α, γ ) and 88Sr(α, 2n) reaction rates at T < 2.3 GK and
T > 8.5 GK, respectively.

The evolution of the recommended reaction rate of
88Sr(α, n) 91Zr is also shown as a function of temperature
in Fig. 6 (blue curve, upper panel). The colored band cor-
responds to its upper and lower limits. At weak r-process
temperatures (2–4 GK), they are of a factor of 2.4–2.6. The
status prior to the measurement, shown with the hatched
green band (upper panel), was evaluated from TALYS calcu-
lations which included all available α-OMPs. The increased
precision for the reaction rate of 88Sr(α, n) 91Zr is apparent
when previous theoretical data are compared with new rec-
ommended values. Overall, uncertainties on the rate of the
reaction 88Sr(α, n) 91Zr, based on experimental data, are now

FIG. 6. Evolution of the thermonuclear reaction rate of
88Sr(α, n) 91Zr as a function of temperature. Upper panel: the recom-
mended reaction rate (blue curve) was determined from calculations
with (EXP2RATE, TALYS+ATOMKI-V2). Colored bands correspond to
low and high rates (Table II). The prior rate band, shown as the
hatched green band, was obtained with TALYS calculations including
all α-OMPs. The rate from REACLIBV2.2 [52] (black curve) is also
presented. Lower panel: the ratio of the recommended reaction rate
to the rate from REACLIBV2.2 is shown.

less than a factor of 3, a major improvement on the assumed
factor of 10–100 for α-induced reactions when not measured.

The recommended reaction rate of 88Sr(α, n) 91Zr is finally
compared to the rate of REACLIBV2.2 [52] in Fig. 6 (lower
panel). The former is up to five times smaller than the latter
at the temperatures of interest for the weak r process in the
CCSNe ν-driven winds.

IV. CONCLUSION

The 88Sr(α, n) 91Zr reaction was reported to impact the
Z = 41, 42, 44 abundances in the weak r process, which are
produced in the ν-driven winds after core collapse supernovae
[18,25]. The reaction has been experimentally investigated for
the first time at astrophysical temperatures of 3.8–7.5 GK by
means of the active target MUSIC. Total cross sections of
this reaction were directly measured from 8.37 to 13.09 MeV
in the center of mass. The thermonuclear reaction rate of
88Sr(α, n) 91Zr has been determined at weak r-process tem-
peratures with significantly improved uncertainties: up to a
factor of 3 presently against a factor of 100 prior to this study.

When they have not been measured, the (α, n) cases im-
pacting the weak r process carry important uncertainties due
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to the choice of the α-OMP in the Hauser-Feshbach statis-
tical model. The potential ATOMKI-V2 [27] has been proved
to bring calculations in excellent agreement with measured
data. Indeed, deviations between measured and calculated
cross sections were observed within ≈50% for several nu-
clei near 88Sr. Present 88Sr(α, n) measurement is surprisingly
found to be lower than calculations by a factor of 3. This
singular experimental result has been shown to be reliable
thanks to two independent measurements. The 88Sr nucleus
is located at the N = 50 shell closure, near the neutron-rich
side, where the nuclear level density and the nuclear de-
formation of the ground state may give some hints of why
HF statistical model predictions disagree with experimental
values.

Nucleosynthesis calculations using reaction rates based on
the HF statistical model need to be more accurate for the
modeling of CCSNe ν-driven winds and insightful model-to-
observations comparisons of abundances in metal-poor stars

[18]. Thereby, further tests of the predictive power of α-OMPs
around the N = 50 shell closure and towards the neutron-rich
radioisotopes are of keen interest. The experimental method
based on the active target MUSIC is apropos, particularly at
ATLAS and FRIB facilities where such investigations are now
reachable thanks to the improved luminosities of neutron-rich
beams.
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